Study Design. A prospective study. Objective. To investigate the association between microstructural nerve roots changes on diffusion tensor imaging (DTI) and clinical symptoms and their duration in patients with lumbar disc herniation. Summary of Background Data. The ability to identify microstructural properties of the nervous system with DTI has been demonstrated in many studies. However, there are no data regarding the association between microstructural changes evaluated using DTI and symptoms assessed with the Oswestry Disability Index (ODI) and their duration. Methods. Forty consecutive patients with foraminal disc herniation affecting unilateral sacral 1 (S1) nerve roots were enrolled in this study. DTI with tractography was performed on the S1 nerve roots. Clinical symptoms were evaluated using an ODI questionnaire for each patient, and the duration of clinical symptoms was noted based on the earliest instance of leg pain and numbness. Mean fractional anisotropy (FA) and apparent diffusion coefficient (ADC) values were calculated from tractography images. Results. The mean FA value of the compressed lumbar nerve roots was significantly lower than the FA of the contralateral nerve roots (P < 0.001). No notable difference in ADC was observed between compressed nerve roots and contralateral nerve roots (P ¼ 0.517). In the compressed nerve roots, a significant negative association was observed between FA values and ODI and symptom duration. However, an obvious positive association was observed between ODI and ADC values and duration on the compressed side. Conclusion. Significant changes in diffusion parameters were found in the compressed sacral nerves in patients with lumbar disc herniation and leg pain, indicating that the microstructure of the nerve root has been damaged. Key words: DTI, herniated disc, microstructural properties, nerve roots. Level of Evidence: 3 Spine 2016;41:E661-E666 D isc herniation resulting in the compression of a nerve root is not uncommon, especially in the lumbar region. Leg and hip symptoms, including pain and numbness, are most common in patients with disc herniation. Magnetic resonance imaging (MRI) provides valuable information about the location and size of the disc herniation and its mass impact on the proximal nerves and is often used to diagnose disc herniation in clinical practice.
D
isc herniation resulting in the compression of a nerve root is not uncommon, especially in the lumbar region. Leg and hip symptoms, including pain and numbness, are most common in patients with disc herniation. Magnetic resonance imaging (MRI) provides valuable information about the location and size of the disc herniation and its mass impact on the proximal nerves and is often used to diagnose disc herniation in clinical practice. 1 Our knowledge of the physiopathology of the pain and numbness associated with compressed nerves caused by disc herniation remains incomplete.
Diffusion tensor imaging (DTI), which is a qualitative tool used to identify the path of nerves that are not readily observed by conventional MRI methods, has been extensively used in the central nervous system. [2] [3] [4] [5] [6] DTI of molecular water movement has proven to be a valuable method for evaluating microstructural changes in nerves. 3, 7 The diffusion data can be used to determine quantitative diffusion values, such as the apparent diffusion coefficient (ADC) and fractional anisotropy (FA) value, that reflect the directionality of molecular diffusion: high FA values indicate anisotropic diffusion and low FA values indicate more isotropic diffusion. 8 Although DTI has thus far been used mainly to image the central nervous system, several studies have shown that DTI is useful for the evaluation and visualization of the peripheral nerves as well. 9-12 DTI with 1.5-T MRI can be used to study lumbar and sacral nerve roots in humans and to assess the architectural configuration of the peripheral nerves. 10, 13 However, there have been no reports regarding the association between the microstructural changes evaluated by DTI and the symptoms assessed by the Oswestry Disability Index (ODI) and their duration. The aim of our study was to evaluate DTI as a means of studying sacral nerve roots in patients affected by lumbar herniation to investigate the association between microstructural changes and clinical symptoms and their duration.
METHODS Subjects
The approval of the Three Gorges University review boards was obtained before conducting the present study. All subjects signed informed consents allowing their clinical data to be used for research. Lumbar disc herniation (LDH) patients from the orthopedic outpatient service and inpatient department between May 2014 and October 2014 were included. The inclusion criteria were age 22 to 58 years, unilateral L5/S1 LDH, radicular pain, and computed tomography or MRI evidence of disc herniation compressing the nerve root. Clinical symptoms were evaluated using an ODI questionnaire for each patient, and the duration of clinical symptoms was based on the earliest incidence of leg pain and numbness. Exclusion criteria were a previous history of trauma and surgery (not limited to the spine), osteoarthritis, hypertension, diabetes, or neurological disease, and a contraindication for MRI, such as pregnancy or metallic implants.
MRI
MRI scans were performed on a single 1.5-T GE system (GE Healthcare, Chalfont St. Giles, United Kingdom) on the day of study enrolment ( Figure 1A, B) . We used a six-element phased array spine coil, and images were acquired with patients in the supine position. A standard MRI protocol was performed, which included both T1-weighted turbo spin echo (TSE) (repetition time (TR), 660 ms; echo time (TE), 9.5 ms; number of excitations (NEX), 1; field of view (FOV), 380 Â 380 mm; matrix, 128 Â 128; slice count, 12; slice thickness, 5 mm; slice gap, 0.4 mm; acquisition time, 2 minutes 53 seconds) and T2-weighted TSE (TR, 2960 ms; TE, 70 ms; NEX, 2; FOV, 380 Â 380 mm; matrix, 512 Â 512; slice count, 12; slice thickness, 4 mm; slice gap, 0.4 mm; acquisition time, 3 minutes 21 seconds) sequences imaging the lumbar spine in the sagittal plane and a T2-weighted TSE (TR, 5680 ms; TE, 123 ms; FOV, 200 Â 200 mm; matrix, 512 Â 512; NEX, 2; slice count, 30; slice thickness, 3 mm; slice gap, 0; acquisition time, 3 minutes 40 seconds) acquisition performed in the axial plane and exploring the last two mobile levels of the lumbar spine. In addition to these sequences, a single-shot echo-planar spin-echo DTI sequence was performed in the axial plane from the L4-S2 interbody spaces with the following parameters: TR, 8400 ms; TE, 89.1 ms; FOV, 240 Â 240 mm; matrix, 128 Â 128; NEX, 4; slice count, 23; slice thickness, 3 mm; slice gap, 0; b value, 900 s/ mm 2 ; motion probing gradients applied in 15 directions; acquisition time, 9 minutes 01 seconds. The range of DTI scanning in this study was from lower half of lumbar vertebral 4 to sacral 2, which covered all of S1 nerve root. FA and MD measurement were carried at the location of compressed nerve root where the parameters were measured in the other side.
Data Analysis
All MRI scans were reviewed and agreed upon by two radiologists blinded to the clinical data; both had good experience in spine imaging. Image analysis was independently performed for each participant immediately after the acquisition for qualitative assessment and then for data extraction. Neurography was obtained using the diffusion volume (b value, 900 s/mm 2 ), which was visualized as a maximum intensity projection, to avoid images with obvious artifacts. Anatomical axial T2 and DTI images were merged. Anatomical fusion between the axial T2 sequence and the DTI reconstructions was performed to allow better visualization of the different anatomic spaces. FA and ADC maps were calculated using FiberViewer (http: //www. ia.unc.edu/dev) software ( Figure 1C-E) . Measurements were focused on the site of the compression and on the same area on the contralateral root. Region of interest was designed as round and the diameter was three voxels; volume averaging of region of interest at the compressed nerve roots was as same as that of contralateral side ( Figure 1C ). The diffusion tensor fields were diagonalized so as to obtain eigenvalues and eigenvectors for each voxel. The eigenvector associated with the largest eigenvalue was used to represent the main direction. Mean diffusivity and FA were calculated on the basis of standard formulas. 14, 15 FA color maps were displayed using a three-directional color code: blue for fibers running in the cephalocaudal direction, green for those running in the anteroposterior direction, and red for those running right and left. 14, 15 Statistical Analysis
The statistical analysis was conducted using a standard SPSS 16.0 (SPSS Institute, Chicago, IL) software package. Data are expressed as the mean AE standard deviation. An independent sample t test was performed comparing the compressed and normal sides at the same spinal segment. A bivariate analysis of correlation was performed between FA/ ADC and ODI and duration. Pearson correlation coefficients were calculated to determine the associations between ODI, duration, and DTI metrics. P < 0.05 was considered statistically significant.
RESULTS
A total of 40 consecutive patients with LDH (mean age: 40.4 AE 8.9 years) were included in the present study. The sample was made up of 19 males and 21 females. The ODI ranged from 18.9% to 85.6% (average: 56.8%), and the duration of leg symptoms varied from 0.3 to 6 months (average: 1.95 months). The FA value of compressed nerve roots and normal nerve roots was 0.155 (range: 0.100-0.206) and 0.258 (range: 0.188-0.331), respectively ( Figure 2A) . A significant difference in FA values was found between the compressed and normal sides (P < 0.001). The ADC value (10 -9 mm 2 /s) was 1.415 (0.900-1.880) on the compressed side and 1.379 (0.780-1.890) on the normal side ( Figure 2B ). There was no noticeable difference in ADC values between the two sides (P ¼ 0.517) ( Table 1 ).
In the compressed nerve roots, a bivariate correlation analysis showed a significant negative association between ODI and FA values (r-value: À0.961, P < 0.05) ( Table 2) . However, the association between ODI and ADC values was positive (r-value: 0.480, P < 0.05). A negative association was found between FA values and duration on the compressed side (r-value: À0.884, P < 0.05) ( Figure 3A) . A positive association between ADC and duration was found on the compressed side (r-values: 0.369, P < 0.05) ( Figure 3B ). However, no association between ODI and duration was found (r-value: À0.161, P ¼ 0.322) ( Figure 3C ).
DISCUSSION
The use of the DTI technique in the sacral nerve roots is crucial for the identification of specific fiber tract routes, which can provide an accurate assessment of the damage to the intrinsic tracts. This knowledge allows a better understanding of how tissue damage causes clinical deficits and why clinical symptoms can precede neuroradiological imaging. This information is not available with conventional MRI and other technologies. 10, 16, 17 Previous studies reporting lower FA values in central nerve lesions and peripheral nerve compression have been published. 4, [9] [10] [11] [18] [19] [20] In patients with lumbar foraminal stenosis, a study 11 found that FA values were significantly lower in entrapped roots than in intact roots. Another study of 20 patients with unilateral sciatica due to posterolateral or foraminal disc herniation and 20 healthy volunteers reported that the mean FA value of the compressed spinal nerve roots was significantly lower than that of the contralateral nerve roots. 9 Studies performed either at 1.5 or 3.0 T also found a statistically significant decrease in FA and increase in ADC in the affected roots compared to the contralateral nerve roots or the nerve roots of healthy volunteers. 10, 21 They reported a mean FA value of 0.18 for the affected side and 0.22 for the contralateral nerve root. Our results found an FA value of 0.16 in the compressed nerve roots compared to the normal nerve root value of 0.26; these results were consistent with previous reports. Our results also showed a significant decrease in mean FA values compared with the contralateral nerve root. These results indicate that in patients with clinical symptoms, diffusion in the tissue had become more isotropic. The decreased FA values may be attributed to the restricted diffusion of water molecules in the compressed nerve root, as well as the decreased FA is associated with changes in the tissue that reduce water movement along the nerve longitudinal direction and increase water diffusion in directions away from the longitudinal direction. 22, 23 Restricted diffusion is increased in the compressed nerve root compared to normal. Nerve roots are compressed by disc herniation, which results in ischemia and hypoxia. And many metabolites, such as urea, lactic acid, accumulate intracellular and extracellular spaces. The accumulation could change movement direction and velocity of medium (water molecular). 24, 25 Those factors would cause exchange disorder of intra-and extracellular materials, which creates an isotropic environment and a reduction in FA. Nerve cell injury will happen such as demyelination of nerve fibers if the compression continues for a long time, and then symptoms occur. However, in asymptomatic patients, increased FA values were found, suggesting compressed nerves with no Therefore, differences between symptomatic and asymptomatic patients should be the subject of further studies.
ADC values reflect the diffusion ability of water molecules in specific tissues and provide insight into the composition of the tissue. 3, [26] [27] [28] A high ADC value indicates less microstructural integrity. However, there is some controversy regarding ADC in compressed nerve roots. Studies have found that ADC is significantly higher in compressed nerve roots than in the contralateral nerve roots.
9,27 How- ever, other studies 3, 28 have found that in LDH patients, the ADC of the compressed nerve roots is similar to normal nerve roots, and morbidity duration, visual analog score, and ADC are not correlated. The present study found no significant difference in ADC values, although the ADC in the compressed nerve root was higher than that of the contralateral nerve root. The cause of the elevated ADC values is uncertain. Nerve root compression by disc herniation might lead to ischemia, edema, atrophy, anoxemia, and cellular membrane injury that could increase cellular membrane penetrability, which could cause a disturbance of water molecular movement as well as decreased perfusion.
If the compression is not relieved quickly, the nerve root will sustain hypoxia-ischemia injury; this causes symptoms such as back pain and leg numbness, which will in turn influence daily activities, which can be assessed with an ODI questionnaire. Our results showed that there was a significant negative association between ODI and FA values; larger decreases in FA values correspond with worse nerve root damage. The association between FA values and duration was positive on the compressed side. Previous studies have indicated that the FA value is a good parameter for assessing microstructural tissue changes. Compression of nerve root from the herniated disc is lasting, which results in ischemia, hypoxia, and worse serious dysfunction. 25 However, many patients having leg symptoms are not willing to accept positive treatment; patients start treatment only when leg symptoms exacerbate. As we know, recovery of nerve function is better when the time of compression is shorter. However, intervention treatment is only method to remove the compression. According to the preliminary results that provide combining symptoms and microstructural change, positive treatment is necessary if the patients have leg(s) symptoms including pain and numbness.
Our study has several limitations. The first is the small sample size, requiring confirmation of these results with a larger cohort. Nevertheless, to the best of our knowledge, this is the first report of a correlation between MR-DTI assessment of lumbar nerve roots and patient function. The cultural adaption of the ODI may challenge the applicability of the present results. We have only chosen nerve root at L5-S1 level. However, whether compressed nerve roots at another level have similar changes found in the present study, which will be studied in our future work. Certainly, the differences between 1.5-and 3.0-T MRI techniques should be studied in the future. In our opinion, it would be of interest to repeat this study of the association between clinical relevance with diffusion parameters in patients with LDH. A shows L5/S1 disc herniation on a lumbar sagittal T2-weighted image. B L5/S1 transverse image showing left nerve root compression. C is the DTI scan of L5/S1 transverse images; bilateral S1 nerve roots are noted by a circular purple area. D shows the FA map; the FA values of the left nerve root were lower than those of the right. E is the ADC map; the ADC values of the nerve roots were not significantly different between the left and right sides.
